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ABSTRACT
Aims. Within the framework of the DustPedia project we investigate the properties of cosmic dust and its interaction with the stellar
radiation (originating from different stellar populations) for 814 galaxies in the nearby Universe, all observed by the Herschel Space
Observatory.
Methods. We take advantage of the widely used galaxy SED fitting code CIGALE, properly adapted to include the state-of-the-art
dust model THEMIS. For comparison purposes an estimation of the dust properties is provided by approximating the emission at
far-infrared and sub-millimeter wavelengths with a modified blackbody. Using the DustPedia photometry we determine the physi-
cal properties of the galaxies, such as, the dust and stellar mass, the star-formation rate, the bolometric luminosity as well as the
unattenuated and the absorbed by dust stellar light, for both the old (> 200 Myr) and young (≤ 200 Myr) stellar populations.
Results. We show how the mass of stars, dust, and atomic gas, as well as the star-formation rate and the dust temperature vary between
galaxies of different morphologies and provide recipes to estimate these parameters given their Hubble stage (T ). We find a mild
correlation between the mass fraction of the small a-C(:H) grains with the specific star-formation rate. On average, young stars are
very efficient in heating the dust, with absorption fractions reaching as high as ∼ 77% of the total, unattenuated luminosity of this
population. On the other hand, the maximum absorption fraction of old stars is ∼ 24%. Dust heating in early-type galaxies is mainly
due to old stars, up to a level of ∼ 90%. Young stars progressively contribute more for ‘typical’ spiral galaxies and they become the
dominant source of dust heating for Sm type and irregular galaxies, donating up to ∼ 60% of their luminosity to this purpose. Finally,
we find a strong correlation of the dust heating fraction by young stars with morphology and the specific star-formation rate.
Key words. dust, extinction – infrared: galaxies – galaxies: photometry – galaxies: ISM – galaxies: evolution
1. Introduction
The spectral energy distribution (SED) of galaxies holds much
information on their stellar and dust content. Space observato-
ries such as Herschel (Pilbratt et al. 2010) and Spitzer (Werner
et al. 2004) provided deep and spatially resolved observations
of galaxies in the Local Universe, at infrared (IR) and sub-
millimeter (submm) wavelengths, revealing their dust content.
Dust has a profound role in shaping the observed SED. In Late-
Type Galaxies (LTGs), dust is found to absorb roughly 1/4 to 1/3
of the total energy emitted by stars in the ultraviolet (UV), opti-
cal and near infrared (NIR) wavelengths (Soifer & Neugebauer
1991; Xu & Buat 1995; Popescu & Tuffs 2002; Skibba et al.
2011; Viaene et al. 2016) while redistributing this energy into
the mid infrared (MIR), far infrared (FIR) and submm regimes.
Bianchi et al. (2018) investigated the bolometric attenuation by
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dust, for 814 galaxies of the DustPedia1 sample (Davies et al.
2017; Clark et al. 2018), as a function of morphological type
and luminosity. They found that dust absorbs on average 19% of
the total stellar energy budget. However, if only LTGs are con-
sidered, the average value increases to 25%, which is more in
line with previous works in the literature.
The various stellar populations contribute to the heating of
the dust grains in a different way. There are two main factors
that regulate the level of how efficiently the stellar populations
affect the dust heating. One has to do with the spatial distribution
of the stars of a specific population with respect to the dust distri-
bution. The general picture for unperturbed Early-Type Galaxies
(ETGs) is that all components (young stars, old stars and dust)
are distributed in a similar way with a high concentration in the
center of the galaxy and with a gradual decrease of the compo-
nents when going outwards. LTGs, on the other hand, show a
central distribution of the old stars in the bulge with the young
stars mostly tracing the spiral arms. The second factor is the ef-
fective temperature of the stars and their efficiency at heating up
the dust in their neighborhood. These factors build up the inter-
stellar radiation field (ISRF) of a galaxy which is responsible for
the dust heating.
An important reason to study the radiation and energy bal-
ance of galaxies over the total wavelength range on which they
emit, is to learn about their formation and evolution. Physical
properties such as the star-formation rate (SFR), the stellar mass
(Mstar), and the dust mass (Mdust) provide valuable information
that can be used to constrain the star-formation history (SFH)
and to determine how the baryonic content of galaxies evolved
through cosmic time. Many studies have shown that it is pos-
sible to approximately estimate these intrinsic physical proper-
ties of galaxies by just using single band photometry. Measure-
ments in the NIR wavelengths, for example, being less affected
by dust extinction, can be used as proxies for the estimation of
the total Mstar of a galaxy (Wen et al. 2013). Similarly, measure-
ments in the MIR can trace the SFR adequately (Calzetti et al.
2007; Chang et al. 2015; Davies et al. 2016), while FIR emis-
sion can provide estimates of Mdust (Smith et al. 2010; Davies
et al. 2012; Galametz et al. 2012; Auld et al. 2013; Cortese
et al. 2014). However, using single band proxies may lead to
misleading results if samples of galaxies with mixed morpholo-
gies are considered. Accurate determination of these parameters
is more complicated and requires a more sophisticated and self-
consistent approach. An estimation of galactic properties may be
more challenging if objects with entirely different physical pa-
rameters show similar SEDs in a given wavelength range. Thus,
more advanced methods of SED modelling, that take advantage
of the full range of observations from the UV to submm wave-
lengths are necessary.
Several codes have been developed in order to model the
panchromatic SED of galaxies. Such codes [e.g., CIGALE (Noll
et al. 2009; Roehlly et al. 2014; Boquien et al. 2019), MAG-
PHYS (da Cunha et al. 2008), Prospector-α (Leja et al. 2017),
BEAGLE (Chevallard & Charlot 2016), and BayeSED (Han &
Han 2014)], take advantage of Bayesian analysis to fit the SEDs
of galaxies providing significant information on the actual stel-
lar and dust content, their ability to form stars and the efficiency
of the ISRF to heat the dust grains. These codes ensure con-
servation of energy by allowing re-emission of the stellar light,
absorbed by the dust grains, at longer wavelengths. In this work
we use the most recent version of CIGALE2 (version 2018.0)
1 http://www.dustpedia.com
2 https://cigale.lam.fr
to model the SEDs and to extract the physical properties for the
DustPedia galaxies. The code is able to provide both the atten-
uated and the unattenuated contributions of the different stellar
populations (old and young) allowing us to study the fraction of
energy that is absorbed by dust for each stellar component. We
take advantage of this information to investigate how the stellar
populations of galaxies with different morphologies contribute
to the dust heating. In addition to CIGALE, we fit single mod-
ified black-bodies (MBB) to the FIR-submm observations as an
alternative way to estimate the dust temperature and mass.
The data used in this study come from the DustPedia
archive3. The archive was developed within the framework of the
DustPedia project (an FP7 funded EU project) providing access
to multi-wavelength imagery and photometry for 875 nearby
galaxies. In addition to the imagery and the aperture-matched
photometry that was applied to all available maps (Clark et al.
2018), additional data such as redshift-independent distances, HI
masses (De Vis et al. 2019), H2 masses (Casasola et al. 2019,
in preparation), optical line and metallicity measurements (De
Vis et al. 2019) as well as information based on 2D photometric
fitting such as Sérsic indices, effective radii, inclination angles,
etc. (Mosenkov et al. 2019) are also available in the DustPedia
archive.
The paper is structured as follows. In Sect. 2 we describe the
sample of galaxies analyzed in this study. In Sect. 3 we present
the SED fitting methods that we use (CIGALE and MBB) along
with validation of the quality of the fits. In Sect. 4 we show how
the derived main physical parameters vary with galaxy morphol-
ogy, as parametrized by the Hubble stage (T ), while in Sect. 5 we
show the evolution of small a-C(:H) grains with the specific star-
formation rate. In Sect. 6 we present how the old and young stel-
lar populations shape the SED of galaxies of different morpho-
logical types and their role in dust heating. Our conclusions are
summarized in Sect. 7. The appendix of this paper is structured
as follows. In Appendix A we present the results of the mock
analysis performed by CIGALE using the THEMIS model. In
Appendix B the results and validation of the fits performed by
CIGALE using the widely adopted Draine & Li (2007) model
(updated in Draine et al. 2014, hereafter DL14) are given. In
Appendix C, we compare the main physical galaxy properties
derived from the SED modelling with known recipes from the
literature. Finally in Appendix D we give recipes to estimate the
main physical properties of galaxies given their Hubble stage.
2. The Sample
In our study we make use of multi-wavelength observations of
galaxies available in the DustPedia archive (Davies et al. 2017;
Clark et al. 2018). The DustPedia sample consists of 875 nearby
galaxies (recessional velocities of < 3000 km s−1) with Herschel
(Pilbratt et al. 2010) detection and angular sizes of D25 > 1′.
The photometry in the DustPedia datasets was carried out in a
uniform and consistent way for all observations (up to 41 bands
from the FUV to the submm wavelengths) utilizing aperture-
matched techniques and robust cross-compatible uncertainty cal-
culations for all bands. For the full description of our photometry
pipeline we refer the reader to Clark et al. (2018).
The SED fitting routines that we present in the next section
require the average flux densities over the filter’s relative spectral
response function (RSRF) as input. Therefore, we make sure that
this requirement is met. The DustPedia photometry conforms to
3 http://dustpedia.astro.noa.gr
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the original pipeline outputs of each instrument/filter combina-
tion (or catalog). For UV/optical/NIR data the SED is assumed to
be constant over the (relatively narrow) filter bandwidth, hence
the flux densities are indeed the average over the filter RSRF.
However, for most of the longer wavelength data-points (starting
from those of WISE) a spectral shape for the SED is assumed,
while for the IRAS bands, a SED with ν × Fν = const.. The
same convention is used for other bands, with the exception of
WISE and MIPS. We first corrected WISE and MIPS data-points
from their own color correction to the IRAS constant-energy
convention. Then we removed this further colour correction in all
long wavelength bands, so that all flux densities give the average
over their respective filter RSRF. In most cases, the correction
is smaller than a few percent, with the exception of the WISE
12 µm band (whose DustPedia flux densities must be multiplied
by 1.05), MIPS bands (an increase by factors 1.03 and 1.07 at 24
and 70 µm, respectively) and IRAS 60 µm (a correction of 0.95).
Before using this photometric dataset we applied several re-
jection criteria following the guidelines and flagging codes given
in Clark et al. (2018) to ensure that only good quality measure-
ments are fed into our modelling. First, we used all bands from
GALEX-FUV up to Planck-850 µm, excluding all photometric
measurements flagged as contaminated from a nearby galactic or
extragalactic source, determined upon visual inspection by Clark
et al. (2018). We furthermore excluded all photometric entries
with significant artefacts in the imagery or insufficient sky cov-
erage (leading to a poor background estimate). IRAS and Planck
data were also checked and measurements where a fraction of the
extended emission might have been missed were excluded. Fi-
nally, galaxies with insufficient coverage of the SED (i.e. galax-
ies without fluxes in the wavelength range 0.35 ≤ λ/µm ≤ 3.6,
and those without fluxes around the peak of the dust emission
in the wavelength range 60 ≤ λ/µm ≤ 500) were also ex-
cluded. With 61 galaxies rejected, our final sample consists of
814 galaxies with the majority (94%) having more than 15 pho-
tometric measurements available to constrain the SED modelling
performed with CIGALE.
Galaxies hosting an active galactic nucleus (AGN) require
extra treatment with CIGALE (depending on the strength of the
AGN emission and on the level that this emission may affect the
SED of the galaxy, especially in MIR wavelengths; Ciesla et al.
2015). Inclusion of AGN templates would significantly increase
the required computing time prohibiting us from constructing
a dense grid for the rest of the parameters that are significant
for the majority of the galaxies in the sample. An assessment
on whether or not a galaxy hosts an AGN can be made by us-
ing the method described in Satyapal et al. (2018) and Assef
et al. (2018). The latter method uses a 90%-confidence crite-
rion, based on the WISE 3.4 and 4.6 µm bands, to disentan-
gle the galaxies that host an AGN component. Bianchi et al.
(2018), using this method on the DustPedia galaxies, found that
19 objects, out of the total 814 galaxies, show significant prob-
ability in hosting an AGN. These 19 galaxies are: ESO 434-
040, IC 0691, IC 3430, NGC 1068, NGC 1320, NGC 1377,
NGC 3256, NGC 3516, NGC 4151, NGC 4194, NGC 4355,
NGC 5347, NGC 5496, NGC 5506, NGC 7172, NGC 7582,
UGC 05692, UGC 06728, and UGC 12690. Since this is only
a small fraction (∼ 2%) of the DustPedia galaxies we did not use
AGN templates in our modelling (in the plots that follow, though,
we mark these galaxies with an ‘X’ symbol). Furthermore, we
searched for jet-dominated radio galaxies in our sample since
synchrotron and free-free emission can be the dominant compo-
nent in the FIR-submm region of the spectrum. Four such galax-
ies (NGC 1399, NGC 4261, NGC 4374, and NGC 4486) were
found by cross-matching the DustPedia galaxies with the all-sky
catalog of radio-galaxies in the local Universe (van Velzen et al.
2012) and marked with an ‘+’ in subsequent plots. In the charac-
teristic case of NGC 4486 (M87), the FIR-submm SED is com-
pletely dominated by synchrotron emission (Baes et al. 2010).
Throughout the paper we parameterize the galaxy morphol-
ogy by the Hubble stage (T ), the values of which have been re-
trieved from the HyperLEDA database (Makarov et al. 2014)4. A
morphological classification in six main sub-classes (E, S0, Sa-
Sab, Sb-Sc, Scd-Sdm, and Sm-Irr) is also used wherever specif-
ically indicated.
3. SED fitting
For the purpose of this work, we make use of the SED fitting
code CIGALE to model and interpret the SEDs of the DustPedia
galaxies. The code fits the multi-wavelength spectrum of each
galaxy in order to derive global properties such as the SFR, the
stellar mass Mstar, the lower cutoff of the ISRF intensity Umin
and the dust mass MCIGALEdust . Furthermore, the stellar component
is described by providing the relative contribution of both the
young and the old stellar components to the total SED of the
galaxy. Complementary to CIGALE we approximate the FIR-
submm spectrum of the galaxies with the traditionally used MBB
approach with the dust grain properties accordingly scaled to
match the THEMIS dust properties. This provides us with an
independent estimate of the total dust mass and dust temperature
for each galaxy.
3.1. Fitting the SEDs with CIGALE
CIGALE is an SED modelling tool that allows the user to build
galaxy SEDs (in the UV to the submm wavelength range) as-
suming energy conservation between the energy absorbed by the
dust and the energy emitted by stars. The SED reconstruction is
made by assuming appropriate stellar population libraries for the
emission of different stellar populations (e.g., Bruzual & Char-
lot 2003) and a SFH while the dust emission puts constraints on
the assumed dust attenuation law (Calzetti et al. 2000) and the
grain emission parameters. In addition, nebular line and contin-
uum emission are also included in the UV-NIR wavelength range
(Inoue 2011).
3.1.1. Implementing THEMIS to CIGALE
Various models have been developed for interstellar dust during
the last few decades. Two of these models that are widely used
are the silicate-graphite-PAH (polycyclic aromatic hydrocarbon)
model (Desert et al. 1990; Siebenmorgen & Kruegel 1992; Dwek
et al. 1997; Li & Draine 2001, 2002; Draine & Li 2001, 2007;
Draine et al. 2014) and the silicate-core carbonaceous-mantle
model (Desert et al. 1990; Jones et al. 1990; Li & Greenberg
1997). The latter model has recently been updated resulting in
the THEMIS5 (The Heterogeneous Evolution Model for Inter-
stellar Solids) dust model (Jones et al. 2013, 2017; Köhler et al.
2014). THEMIS was built upon the optical properties of amor-
phous hydrocarbon and amorphous silicate materials that have
been measured in the laboratory (Jones 2012a,b,c; Jones et al.
2013, 2017; Köhler et al. 2014). Within this framework, dust
is mainly comprised of large carbon-coated amorphous silicate
grains and small hydro-carbonaceous grains. The primary goal
4 http://leda.univ-lyon1.fr/
5 https://www.ias.u-psud.fr/themis/THEMIS_model.html
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Table 1. Parameter grid used for computing the CIGALE templates. A total of 80,041,500 models were produced.
Parameter Value
Star-Formation History Flexible Delayed(a)
e-folding time, τmain (Myr) 500, 750, 1100, 1700, 2600, 3900, 5800, 8800, 13000, 20000
galaxy age, tgal (Myr) 2000, 4500, 7000, 9500, 12000
quenching or bursting age, tflex (Myr) 200
rSFR 0.01, 0.0316, 0.1, 0.316, 1.0, 3.16, 10.0
Stellar population model BC03(b)
IMF Salpeter(c)
Metallicity 0.02
Dust attenuation Calzetti(d)
Colour excess of the young stars, E(B-V) 0.0, 0.005, 0.0075, 0.011, 0.017, 0.026, 0.038, 0.058, 0.087, 0.13, 0.20, 0.29, 0.44, 0.66, 1.0
Reduction factor for E(B-V), E(B-V)old/E(B-V)young 0.25, 0.50, 0.75
δ -0.5, -0.25, 0.0
Dust grain model THEMIS(e); DL14(f)
Fraction of small hydrocarbon solids (THEMIS), qhac 0.02, 0.06, 0.10, 0.14, 0.17, 0.20, 0.24, 0.28, 0.32, 0.36, 0.40
PAH abundance [%] (DL14), qPAH 0.47, 1.12, 1.77, 2.50, 3.19, 3.90, 4.58, 5.26, 5.95, 6.63, 7.32
Umin 0.1, 0.15, 0.3, 0.5, 0.8, 1.2, 2.0, 3.5, 6, 10, 17, 30, 50, 80
α 2.0
γ 0.0, 0.001, 0.002, 0.004, 0.008, 0.016, 0.031, 0.063, 0.13, 0.25, 0.5
References: (a) Ciesla et al. (2016). (b) Bruzual & Charlot (2003). (c) Salpeter (1955). (d) Calzetti et al. (2000). (e) Jones et al. (2017). (f) Draine
et al. (2014).
of the model is to explain the nature of dust in the diffuse in-
terstellar medium (ISM). THEMIS successfully explains the ob-
served FUV-NIR extinction and the shape of the IR to mm dust
thermal emission. The model has also been successfully com-
pared to the latest available measures of the diffuse ISM dust
extinction and emission in the Milky-Way (Ysard et al. 2015;
Fanciullo et al. 2015). Furthermore, it is able to predict the ob-
served relationship between the E(B-V) colour excess and the
inferred submm opacity derived from Planck-HFI observations
(Ysard et al. 2015; Fanciullo et al. 2015).
Within the DustPedia framework, we modified CIGALE ac-
cordingly to include THEMIS as a separate module for the dust
emission parameters. Our approach to generate the template files
is similar to the DL14 model (Draine & Li 2007; Draine et al.
2014), i.e., we compute the moments of the average starlight in-
tensity U, by using a delta function component and a power-law
distribution:
〈U〉 = (1 − γ)
∫ Umin+∆U
Umin
U × δ (Umin − U) dU
+ γ
∫ Umin+∆U
Umin
U1−α × α − 1(
U1−αmin − U1−αmax
) dU, for α , 1 , (1)
(Draine & Li 2007), where γ is the fraction of the dust heated
in photo-dissociation regions (PDR). We created a library of
templates based on 3 parameters: (1) the mass fraction of aro-
matic feature emitting grains, qhac (i.e., a-C(:H) smaller than
1.5 nm), (2) the minimum intensity value of the stellar radiation
field that heats the dust, Umin, and (3) the power-law index, α.
Umin shares the same parameter space as the DL14 model (0.1-
50), with an additional upper limit for THEMIS at Umin = 80
to cover the most extreme cases, whereas α is fixed to 2 in
both cases. The maximum cutoff for the starlight intensity dis-
tribution, Umax, is fixed at 107. The small a-C(:H) component
has the same effect as the PAH component in the DL14 model.
In the diffuse Galactic ISM, qPAH = 7.7% (Compiègne et al.
2011), and qhac = 17% (Jones et al. 2017). The only differ-
ence between a-C(:H) and PAHs is a scaling factor between
the two quantities: qPAH ∼ qhac/2.2. Finally, in order to retrieve
the total dust mass from the SED templates we normalize with
Mdust/MH = 7.4 × 10−3 (Jones et al. 2017).
3.1.2. The parameter space
To model the SED of a galaxy with CIGALE, a parametric
SFH has to be assumed. Several types have been proposed
(and described with simple analytic functions) to account for
the evolution of the stellar content of the galaxies with time.
In Ciesla et al. (2015) three SFHs [an exponentially decreas-
ing SFH (1τ−dec) of e-folding time τ, a combination of two
exponentially decreasing SFHs (2τ−dec) and a delayed SFH]
are discussed and compared with simulated SFHs from GAL-
FORM SAM (Cole et al. 2000) concluding that the delayed SFH
is the better choice for estimating SFR, Mstar and age of galax-
ies. Recently, Ciesla et al. (2016, 2017) suggested that a flexible-
delayed SFH is able to describe well both field and cluster spirals
as well as galaxies with recent starburst activity or SFR decline.
Four parameters are used to describe the specific type of SFH,
namely, the e-folding time of the main stellar population model
(τmain), the age of the oldest stars in the galaxy (tgal), the age of
the significant drop or rise in the star-formation activity (tflex),
and the ratio rSFR of the SFR after quenching or bursting over
the SFR at the time of tflex of the star-formation. The SFR as a
function of time is then given by:
SFR(t) ∝
{
t × exp(−t/τmain) , for t ≤ tflex
rSFR × SFR(t = tflex) , for t > tflex , (2)
(Ciesla et al. 2016, 2017). The SFH implemented in CIGALE
is the combination of two stellar components resembling an old
and a young stellar population. The two populations roughly rep-
resent a burst or quench of star-formation in addition to a more
passively evolving stellar component. The old stellar component
is modelled with an exponentially decreasing SFR with various
values of the e-folding rate τmain and age tgal (see Table 1). The
young stellar component consists of a burst or decline of constant
star-formation starting at time tflex (in our case 200 Myr ago)
whose amplitude is adjustable and scaled with the ratio rSFR. In
what follows, SFR refers to the current star-formation rate (see
Equation 2). The stellar and nebular emissions are then attenu-
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Table 2. Mean values of various physical properties of the DustPedia galaxies, for different morphological sub-classes. Mdust and Tdust are derived
by CIGALE and MBB modelling, SFR and Mstar by CIGALE, while the mass of atomic hydrogen (MHI) is obtained from the literature (see De
Vis et al. 2019). The number of objects per morphological bin (Nobj) refers to the parameters derived with CIGALE. In total, 814 galaxies were
modelled with CIGALE, 678 out of 814 with a single MBB, and 711 have MHI measurements.
T Type Nobj log (〈SFR〉) log (〈Mstar〉) log (〈MHI〉) log
(〈
MCIGALEdust
〉)
log
(〈
MMBBdust
〉) (〈
TCIGALEdust
〉) (〈
TMBBdust
〉)
[M/yr] [M] [M] [M] [M] [K] [K]
-5 E 51 -1.27 ± 0.21 10.92 ± 0.05 8.53 ± 0.01 6.15 ± 0.38 6.55 ± 0.42 27.59 ± 4.91 18.62 ± 5.06
-4 E+ 20 -1.05 ± 0.14 10.94 ± 0.05 9.95 ± 0.01 6.60 ± 0.27 6.66 ± 0.36 26.85 ± 5.77 19.29 ± 6.95
-3 S0− 34 -0.59 ± 0.14 10.35 ± 0.09 8.51 ± 0.04 5.95 ± 0.28 6.11 ± 0.31 26.70 ± 4.23 21.87 ± 5.26
-2 S00 83 -0.61 ± 0.23 10.48 ± 0.07 8.86 ± 0.02 6.12 ± 0.22 6.27 ± 0.30 26.89 ± 4.10 21.88 ± 5.65
-1 S0+ 43 -0.36 ± 0.14 10.46 ± 0.06 8.55 ± 0.04 6.46 ± 0.13 6.56 ± 0.18 24.75 ± 4.71 22.00 ± 4.76
0 S0a 37 -0.40 ± 0.09 10.74 ± 0.04 9.24 ± 0.02 6.74 ± 0.16 6.84 ± 0.16 24.63 ± 4.87 20.50 ± 4.34
1 Sa 50 0.03 ± 0.08 10.65 ± 0.08 9.37 ± 0.02 7.00 ± 0.09 7.01 ± 0.13 23.23 ± 4.34 22.89 ± 4.30
2 Sab 40 0.42 ± 0.11 10.48 ± 0.08 9.26 ± 0.02 7.01 ± 0.07 7.02 ± 0.10 22.79 ± 4.22 22.63 ± 3.65
3 Sb 58 0.36 ± 0.13 10.55 ± 0.08 9.45 ± 0.02 7.23 ± 0.07 7.23 ± 0.11 22.62 ± 3.45 22.48 ± 3.24
4 Sbc 63 0.47 ± 0.10 10.40 ± 0.10 9.62 ± 0.04 7.31 ± 0.06 7.33 ± 0.09 21.82 ± 3.00 21.45 ± 3.82
5 Sc 70 0.31 ± 0.07 10.28 ± 0.09 9.66 ± 0.03 7.29 ± 0.07 7.30 ± 0.11 22.09 ± 2.64 21.70 ± 2.34
6 Scd 84 -0.05 ± 0.09 9.83 ± 0.11 9.40 ± 0.02 6.94 ± 0.09 6.96 ± 0.14 21.03 ± 3.30 20.21 ± 2.66
7 Sd 46 -0.14 ± 0.05 9.62 ± 0.11 9.42 ± 0.01 6.81 ± 0.11 6.84 ± 0.19 20.92 ± 3.29 19.65 ± 2.77
8 Sdm 32 -0.56 ± 0.05 9.27 ± 0.11 9.13 ± 0.02 6.46 ± 0.14 6.53 ± 0.22 21.05 ± 3.94 19.17 ± 3.54
9 Sm 36 -0.14 ± 0.04 9.24 ± 0.12 9.15 ± 0.02 6.25 ± 0.17 6.42 ± 0.25 24.32 ± 5.15 20.87 ±F 5.51
10 Irr 67 -0.77 ± 0.16 9.08 ± 0.14 8.88 ± 0.02 5.93 ± 0.25 6.21 ± 0.44 25.11 ± 5.21 19.62 ± 5.05
[−5.0,−3.5) E 71 -1.20 ± 0.18 10.92 ± 0.05 9.36 ± 0.01 6.33 ± 0.32 6.59 ± 0.40 27.38 ± 5.18 19.09 ± 5.71
[−3.5, 0.5) S0 197 -0.50 ± 0.16 10.52 ± 0.06 8.89 ± 0.02 6.38 ± 0.17 6.51 ± 0.21 25.96 ± 4.54 21.51 ± 5.16
[0.5, 2.5) Sa-Sab 90 0.25 ± 0.10 10.58 ± 0.08 9.32 ± 0.02 7.00 ± 0.08 7.01 ± 0.12 23.03 ± 4.29 21.92 ± 4.03
[2.5, 5.5) Sb-Sc 191 0.38 ± 0.10 10.42 ± 0.09 9.59 ± 0.03 7.28 ± 0.07 7.29 ± 0.10 22.16 ± 3.04 21.64 ± 2.83
[5.5, 8.5) Scd-Sdm 162 -0.14 ± 0.07 9.70 ± 0.11 9.37 ± 0.01 6.84 ± 0.10 6.87 ± 0.16 21.00 ± 3.43 20.09 ± 2.91
[8.5, 10.0] Sm-Irr 103 -0.44 ± 0.07 9.14 ± 0.13 9.00 ± 0.02 6.07 ± 0.21 6.30 ± 0.35 24.83 ± 5.21 20.55 ± 5.27
ated using a power–law–modified starburst curve (Calzetti et al.
2000), extended with the Leitherer et al. (2002) curve:
A(λ) =
(
A(λ)SB × (λ/550 nm)δ + Dλ
)
× E (B − V)δ=0
E (B − V)δ , (3)
(Noll et al. 2009; Boquien et al. 2019). Dλ is a Lorentzian–like
Drude profile modelling the UV bump at 217.5 nm in the atten-
uation curve (in our case Dλ = 0, i.e., no bump), with δ being a
free parameter modifying the slope of the attenuation curve and
the last term in Equation 3 being an attenuation reduction fac-
tor for the old stellar population (older than 10 Myr). We chose
to use an attenuation law without a bump feature for three rea-
sons: (1) The UV emission in our galaxy sample is covered by
just the two GALEX bands. To get a better constrain on the UV
bump would require additional data and preferably NUV spec-
tra (Buat et al. 2012) which are not available for our sample,
(2) we followed the works of Noll et al. (2009), Boquien et al.
(2012, 2016) which they also use a bump-less attenuation law,
and (3) we did not set the UV bump as an additional free param-
eter since this would significantly increase computational time.
The stellar spectrum is calculated by convolving the Bruzual &
Charlot (2003) single stellar populations with the SFH, assuming
a Salpeter (1955) initial mass function (IMF) and a metallicity of
Z = 0.02, which corresponds to 12 + log(O/H) = 8.86 assum-
ing the solar metallicity (Z = 0.0134) and oxygen abundance
(12 + log(O/H) = 8.69) from Asplund et al. (2009).
CIGALE uses a Bayesian analysis to derive the galaxy prop-
erties. The modelled SEDs are integrated into a set of filters and
compared directly to the observations. The observations are as-
signed with an extra 10% uncertainty (added quadratically to
the measured uncertainty) to allow for unknown systematic er-
rors in the object’s photometry and the models (see Noll et al.
2009). For each parameter, a probability distribution function
(PDF) analysis is carried out. Given the observed SED of a
galaxy, CIGALE derives the posterior probability distribution
of the physical parameters. The posterior probability is simply
the dot product of the prior, i.e., the probability of a model be-
ing used before fitting the data, and the likelihood that the data
match the model created by the parameter grid. The result of the
analysis is the likelihood-weighted mean value of the PDF while
the associated error is the likelihood-weighted standard devia-
tion (Boquien et al. 2019).
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Fig. 1. Distribution of the reduced χ2 for the 814 galaxies modelled with
CIGALE and with the THEMIS dust model (black line). The distribu-
tions for the LTG and ETG subsamples are shown with blue and red
lines respectively.
We adopted a similar parameter grid as the one used by Hunt
et al. (2018) to fit the SEDs of 61 galaxies from the KINGFISH
sample (Kennicutt et al. 2011). In Table 1 we give the parameter
space used by CIGALE to calculate the SED templates to be fit-
ted to the actual datasets. Two sets of templates were produced,
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Fig. 2. Ratios of the observed fluxes to the modelled (CIGALE) fluxes at specific wavelengths, from the FUV (0.15 µm) to the submm (850 µm),
as a function of Hubble stage (T ). In the top-left corner of each panel, the wavelength indication (in µm) is given and in the bottom-left corner
the name of the survey/band is provided. The ratios are colour-coded with the χ2red of the fit as indicated in the colour-bar on the top of the plot.
Galaxies hosting an AGN or strong radio-jets are marked with an ‘X’ or a ‘+’ respectively. In the top-right corner of each panel, the mean value of
the ratio and the standard-deviation are also provided.
one including the dust parameters given by the THEMIS model
and, for comparison, another one including the DL14 dust model
characteristics (the latter is briefly discussed in Appendix B).
In total, 80,041,500 such templates were created with CIGALE
running on the high performance cluster of Ghent University.
The parameters derived for each galaxy are provided in the Dust-
Pedia archive while the mean values, per morphological type, for
SFR, Mstar, and MCIGALEdust are given in Table 2.
3.1.3. Quality of the fit
With the current set up of CIGALE we can derive estimates
of several parameters such as the SFR, the FUV attenuation
(AFUV), the minimum ISRF intensity (Umin), the stellar mass
(Mstar), the bolometric luminosity (Lbolo), the dust mass and lu-
minosity (MCIGALEdust and Ldust respectively), the mass fraction of
hydrocarbon solids (qhac; the PAH abundance qPAH in the case
of DL14), and the fraction of the dust luminosity coming from
PDRs (γ), to name a few. To examine how well these param-
eters can be constrained from the multi-wavelength SED fitting
that CIGALE performs, as well as the accuracy and precision ex-
pected for each parameter, we made use of the CIGALE module
that performs a mock analysis. This module creates a mock SED
for each galaxy, based on the best fitted parameters, allowing the
fluxes to vary within their measured uncertainties. By modelling
these mock SEDs with CIGALE we can then retrieve the best
set of the mock fitted parameters and compare them with those
used as an input. This provides us with a direct measure of how
accurately one can retrieve the specific parameters for the spe-
cific sample of galaxies. The results of the mock analysis can be
found in Appendix A.
To explore the overall quality of the fits to the observations
we examine the distribution of the reduced χ2 values (χ2red; the
χ2 values divided by the number of observations minus the num-
ber of free parameters). The χ2red distribution is shown in Fig. 1
(black line). The χ2red distributions for the two main morphologi-
cal classes of galaxies in the DustPedia sample [ETGs (T < 0.5)
and LTGs (T ≥ 0.5)], are also shown (red and blue lines re-
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Fig. 3. The average absorption coefficient calculated within the
THEMIS dust model (red line). For the wavelength range 70 ≤ λ/µm ≤
700 we have approximated the extinction law with a power-law (blue
line) so that it can be used in the MBB calculations (see text for more
details).
spectively). For the full sample modelled with CIGALE (814
galaxies) we find that the median value of the histogram is 0.66,
while it gets to 0.67 when only considering the 546 LTGs and
drops down again to 0.66 for the 268 ETGs. Out of the 814 mod-
elled galaxies, there are 60 (∼ 7%) with χ2red > 2 and only 22
(∼ 3%) with χ2red > 4. Similar distributions for the χ2red are ob-
tained when using the DL14 dust model (see Fig. B.2 in Ap-
pendix B), although the values are slightly lower compared to
THEMIS. A possible explanation is that THEMIS has on aver-
age a flatter FIR-submm slope (β = 1.79) than the DL14 model
(β = 2). With a distribution of ISRF such as the one we assume,
it is always possible to fit an observed slope flatter than the slope
of the intrinsic grain properties, by just adding colder tempera-
tures. This means that the model with the highest β (DL14) has
the highest fitting flexibility, and will thus result in lower χ2red
values.
As a further check of the goodness of the fit to the obser-
vations we examine how the ratios of the observed-to-modelled
flux densities compare for galaxies of different Hubble stages.
The model flux densities in each waveband were calculated by
CIGALE. A systematic trend in these ratios in a given band
could help reveal potential weaknesses of our modelling. This is
shown in Fig. 2 with the ratios at wavelengths ranging from the
FUV (0.15 µm; top-left panel) to the submm (850 µm; bottom-
right panel) with the wavelength indicated in the top-left corner
in each panel. Each point represents a galaxy colour-coded with
its χ2red. Overall we see that, despite the large scatter in some
cases, the ratio of the observed-to-modelled flux densities stays
around unity (horizontal dashed line) indicating that CIGALE is
able to adequately fit the SED of the galaxy in the full wave-
length range considered. The χ2red values (as indicated with the
different colours) show a general picture where many ETGs and
irregular galaxies (the two extremes in the x-axis) are either on
the higher end (red colour) or the lower end (blue colour) on the
χ2red scale while the galaxies with intermediate Hubble stages get
χ2red values closer to one (cyan and green colours).
For each waveband we have calculated (and presented in the
top-right corner in each panel) the mean value of the ratio as
well as the standard-deviation. We see that there are 14 wave-
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Fig. 4. Distribution of the reduced χ2 of the 678 galaxies modelled with
a MBB scaled to the THEMIS dust mosel (black line). The distributions
for the LTG and the ETG subsamples are also shown (blue and red lines
respectively).
bands which show deviations to the mean of less than or equal to
5% (0.23, 0.48, 0.62, 0.90, 3.4, 3.6, 4.5, 5.8, 8.0, 12, 22, 24, 250,
and 550 µm), 8 with deviations larger than 5% and less than or
equal to 10% (0.15, 0.36, 1.25, 2.15, 4.6, 350, 500 and 850 µm)
and the remaining 6 with deviations larger than 10% (0.76, 1.65,
60, 70, 100, and 160 µm). In all six cases with the largest devia-
tions from unity (> 10%) the model under-predicts the observed
fluxes. With the exception of the SDSS i-band (0.76 µm) with a
scatter of 0.09, the rest of the bands show large scatter (> 0.4)
and especially for Hubble stages T < 0 and T > 5 which also
drives the underestimation of the modelled fluxes. At submm
wavelengths and especially at 500 and 850 µm there seems to be
a mild trend of increasing of the observed-to-modelled flux ra-
tios with increasing Hubble stage. Such a trend has already been
reported in other studies (Ciesla et al. 2014) with a possible in-
terpretation being the submm excess observed in low-metallicity
systems (Galametz et al. 2009, 2010; Ciesla et al. 2014).
3.2. Fitting the FIR with Modified Black-Bodies
The emission from dust in thermal equilibrium with the radiation
field can be approximated using modified black-bodies with flux
densities given by:
S (λ,TMBBdust ) ∝ λ−βB(λ,TMBBdust ) , (4)
where β is the grain emissivity index, usually taking values be-
tween 1 and 2 (Hildebrand 1983; Draine & Lee 1984; Boselli
et al. 2012; Auld et al. 2013), and B(λ,TMBBdust ) the Planck func-
tion at a given temperature TMBBdust .
Integrating the flux density over a certain wavelength range
provides the luminosity emitted by the dust at those wavelengths.
For consistency we calculate the dust luminosity in the wave-
length range from 8 to 1000 µm as usually used (Kennicutt
1998). Assuming an opacity κ (λ) for the average dust grain mix,
the dust mass can then be derived by:
MMBBdust =
D2
κ (λ)
S (λ,TMBBdust )
B(λ,TMBBdust )
, (5)
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Fig. 5. Comparison of Mdust (left panel) and Tdust (right panel), as derived from CIGALE (y-axis) and MBB (x-axis) modelling. The points are
colour-coded according to the morphological type, while ‘+’ and ‘X’ symbols indicate strong radio jet galaxies and AGNs respectively (see the
inset in the left panel for the explanation of the different colours and symbols). The solid black line indicates the one-to-one relation. The average
uncertainty is indicated at the lower right corner in each plot.
(Hildebrand 1983) with D being the distance to the galaxy (in
Mpc).
The opacity is usually approximated by a power-law over
the infrared wavelengths (see, e.g., Alton et al. 2004; Galliano
et al. 2018). In our case, in order to be consistent with the grain
physics of the THEMIS model, we have fitted a power-law to the
average opacity inferred by THEMIS (see Fig. 3), in the wave-
length range 70 ≤ λ/µm ≤ 700. We find that the opacity scales
with wavelength as:
κ (λ) = κ250 (250/λ)1.790 , (6)
with λ given in µm and κ250 = 6.40 cm2 g−1.
We modelled the DustPedia galaxies with a single MBB us-
ing data at wavelengths λ ≥ 100 µm, i.e., every available obser-
vation among the IRAS (100 µm), PACS (100, 160 µm), MIPS
(160 µm), SPIRE (250, 350, 500 µm) and Planck (350, 550 µm)
wavebands. We avoided using fluxes below 100 µm so that the
fitted SED is not polluted by emission from dust grains in non-
thermal equilibrium as well as fluxes above 550 µm so that possi-
ble contamination from synchrotron and free-free emission from
low-luminosity radio galaxies, is not included. As in the case of
CIGALE, a 10% uncertainty was added quadratically to the mea-
sured flux uncertainties (see Sect. 3.1.2). The fit was made using
standard χ2 minimization techniques (Levenberg-Marquardt) al-
lowing the dust temperature (TMBBdust ) to range between 10 and
40 K. The SED of the MBB was convolved to each filter’s RSRF.
In the case of the SPIRE bands the RSRF for extended emis-
sion was used. An estimate of the uncertainty on the derived pa-
rameters is provided by performing a bootstrap analysis to our
datasets by fitting 1000 SEDs for each galaxy. The mock fluxes
are randomly drawn from a Gaussian distribution centered on
the observed flux and with a standard-deviation identical to those
observed. The uncertainty assigned to each of the two parame-
ters (TMBBdust and M
MBB
dust ) is then defined as the standard-deviation
of the 1000 values derived from this procedure.
Out of the 875 DustPedia galaxies, 802 have at least three
reliable measurements (with no major flags associated) in the
wavelength range under consideration (100-600 µm) and could
be fitted with a MBB. Out of these 802 galaxies, only 678 galax-
ies fulfilled our temperature boundary conditions (10-40 K) and
gave a reasonable fit. The parameters derived for each galaxy are
provided in the DustPedia archive while the mean values, per
morphological type, for MMBBdust , and T
MBB
dust are given in Table 2.
As in CIGALE, we explore the overall quality of the fits per-
formed to the observations by examining the distribution of the
χ2red values. The χ
2
red distribution is shown in Fig. 4. We find that
the median value of the distribution (for the 678 modelled galax-
ies) is at 0.31 while it gets to 0.32 when only considering the
506 LTGs and drops down to 0.25 for the 172 ETGs. Out of the
678 modelled galaxies there are 22 (∼ 3%) with χ2red > 2 and
only four galaxies with χ2red > 4. Here, the small values of χ
2
red
(much smaller than unity) indicate that the model is ‘over-fitting’
the data. This is mainly due to the fact that the number of avail-
able observations is, in many cases, small, but also that the noise
assigned to the fluxes is sufficiently large to allow for a poorly
constrained model.
3.3. Comparison between CIGALE and MBB
While CIGALE does not provide a direct estimate for Tdust,
it allows us to approximate it using the strength of the ISRF
parametrized by Umin. Assuming that dust is heated by an ISRF
with a Milky-Way like spectrum (Mathis et al. 1983), we can
approximate Tdust by:
TCIGALEdust = To U
(1/(4+β))
min , (7)
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(Aniano et al. 2012). Here, Umin is the minimum ISRF level heat-
ing the diffuse dust, To = 18.3 K is the dust temperature mea-
sured in the solar neighbourhood, and β is the dust emissivity in-
dex, which, for the THEMIS dust model, gets the value of 1.79
(see Sect. 3.2). The values of TCIGALEdust derived for each galaxy
are provided in the DustPedia archive while the mean values,
per morphological type, are given in Table 2.
Having derived the dust masses and temperatures using the
two methods described above (CIGALE and MBB) we can di-
rectly compare them for the 678 galaxies in common in the two
sub-samples. We do so in Fig. 5, with the comparison of Mdust in
the left panel and that of Tdust in the right panel. In each panel the
symbols are colour-coded according to the morphological class.
The two different methods of estimating the dust properties
compare fairly well, with the scatter, generally, increasing for
less dusty objects (ETGs). This is evident in the dust masses
(left panel of Fig. 5), with most of the deviant cases showing
MBB dust masses higher than those derived by CIGALE, but it
becomes more prominent in the dust temperatures (right panel
of Fig. 5) with CIGALE systematically estimating higher values
compared to MBB for these galaxies. Some of the galaxies iden-
tified as AGNs and strong radio-sources are amongst the outliers
indicating that the models could not adequately fit the observa-
tions, though these are only a few cases. For the majority of the
most deviant cases, a visual inspection of the SEDs reveals that
this is, mainly, due to a combination of two effects. First, the
FIR-submm measurements, especially for the ETGs, come with
large uncertainties due to the low level of emission. This allows
CIGALE, which is constrained from a large multi-wavelength
dataset, for a larger ‘flexibility’ in fitting this part of the SED, in
most cases ‘over-weighting’ MIR and FIR against submm mea-
surements. This results in a bias favoring high temperatures for
CIGALE compared to MBB modelling where only the few FIR-
submm data are fitted. Furthermore, a single MBB component
fitted to the FIR-submm fluxes is only sensitive to the colder
dust, missing a large fraction of dust heated to warmer tempera-
tures. These are the effects that we see in Fig. 5 but also looking
at the mean values of the dust temperature in Table 2 where we
see that for galaxies with 0 < T < 8 there is a very good agree-
ment between the two methods, well within the uncertainties,
while the differences progressively become larger for earlier- and
later-type galaxies. Overall, we conclude that the dust tempera-
tures derived from CIGALE are more accurate than those from
the MBB fitting. In spite of that, we plan to further investigate
the discrepancy between the two methods in future papers. The
dust temperatures obtained by CIGALE (TCIGALEdust ) as a function
of morphological type are discussed in more detail in Sect. 4.
4. Physical parameters as a function of the Hubble
stage
The abundance of dust and gas in galaxies can reveal valuable
information about their star-formation cycle and chemical evo-
lution. The local environment is expected to have a significant
role in that regard, affecting the chemical evolution and the ISM
content in individual galaxies (e.g., Casasola et al. 2004; Baldry
et al. 2006; Fumagalli et al. 2009; Peng et al. 2010; De Lucia
et al. 2012). Davies et al. (2019, to be submitted), investigated
the role of the environment for a subset of the DustPedia galaxies
(grouped into field and cluster members) by examining their stel-
lar, dust and gas content. They found that the physical properties
of galaxies of the same morphological type do not vary signifi-
cantly with environment suggesting that the intrinsic properties
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Fig. 6. From top to bottom (first four panels): MCIGALEdust /Mstar, MHI/Mstar,
sSFR and MCIGALEdust /MHI as a function of Hubble stages (T ). In each
panel orange circles are individual galaxies, red diamonds are the mean
values for each morphological bin, while blue squares are the median
values. Error bars bracket the range between the 16th and 84th per-
centiles from the median. The thick green curves are 5th order polyno-
mial regressions to the median values (see Table D.1 for the polynomial
regression parameters). In each of these panels ‘+’ and ‘X’ symbols in-
dicate strong radio jet galaxies and AGNs respectively. The last panel
shows the variation in Mstar, MCIGALEdust , MHI, and SFR (red, orange, ma-
genta, and cyan lines respectively) with morphology as fitted with a 5th
order polynomial regression through the median values (see Table D.1).
Mstar, MCIGALEdust , MHI, and SFR have been normalized to the maximum
value obtained from each polynomial regression by: 3.9 × 1010 M,
1.2 × 107 M, 2.6 × 109 M and 1.08 M/yr respectively.
of the galaxies are determined, mainly, by their internal physical
processes.
Although the general picture that local ETGs are poor in
ISM (dust and gas) compared to less evolved galaxies is well
accepted (e.g., Bettoni et al. 2003; Casasola et al. 2004; Boselli
et al. 2014), a more detailed analysis is needed on how the ISM
content varies among galaxies of different morphological stages.
The DustPedia sample is ideal to carry out this analysis since it
contains the most complete, to date, collection of local galaxies
spanning the full range of morphologies with sufficient multi-
wavelength coverage so that SED fitting analysis can be applied
in a uniform way. Furthermore, measurements of the atomic hy-
drogen mass (MHI) for a significant fraction of the DustPedia
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galaxies (711 out of 814 galaxies; see Table 2) allow us to inves-
tigate how the gas content in galaxies varies with morphology.
In the first three panels of Fig. 6 we investigate how the spe-
cific mass of dust (MCIGALEdust /Mstar) and atomic gas (MHI/Mstar), as
well as the sSFR (SFR/Mstar), vary with the morphology of the
galaxy. In each panel the orange circles show the values of in-
dividual galaxies while the red diamonds and blue squares show
the mean (also given in Table 3) and the median values for each
morphological bin respectively. The fourth panel from top shows
the variation of the dust-to-atomic-gas mass ratio as a function
of morphological type. We see that MCIGALEdust /Mstar, MHI/Mstar
and SFR/Mstar vary by about two orders of magnitude whereas
MCIGALEdust /MHI varies by one order of magnitude. Finally, the bot-
tom panel shows the change in Mstar, MCIGALEdust , MHI, and SFR
with Hubble stage as a 5th order polynomial regression through
the median values per Hubble stage bin.
From the bottom panel of Fig. 6, we see that the stellar mass
(red line) takes its maximum value for E type galaxies and varies
slightly for galaxies with T < 2. For galaxies with T > 2, a
sharp drop in stellar mass (of about two orders of magnitude) is
observed. The HI mass (magenta line) varies slightly for galaxies
with T < 2 (in a similar way as stellar mass), followed by a rise
(of about one order of magnitude) and then a drop for galaxies
with T > 5. The dust mass (orange line) and the SFR (cyan line)
vary in a similar way with a continuous increase for ETGs and
a decrease for later-type galaxies with a peak value for Sc type
galaxies. However, the real variation of the ISM content between
different galaxies can only be appreciated if we consider galaxies
of the same stellar mass. This is what we present in the first three
panels by normalizing MCIGALEdust , MHI, and SFR, to the stellar
mass of each galaxy.
A continuous increase of the dust mass (about two orders
of magnitude, on average) is observed for galaxies with Hubble
stages from -5 up to around 7, where MCIGALEdust /Mstar peaks, and
then drops at larger Hubble stages (top panel). The continuous
increase of the ratio is mainly due to the sharp increase in dust
mass from T = −5 to T = 5 while from T = 5 − 7 it is mainly
the drop in the stellar mass that keeps the ratio increasing. Then,
from T = 7 and beyond, it is mainly the dust mass that takes
over again with a sharp drop (see the orange and red lines in the
bottom panel for the dust and the stellar mass changes).
The specific mass of the atomic gas content, on the other
hand, shows a relatively flat behaviour for ETGs (being roughly
constant and around 0.01 for galaxies with T ∼ 2). This is
mainly because both the stellar mass and the HI mass show sim-
ilar trends for these types of galaxies. Meanwhile, the decrease
in stellar mass and a mild increase of the atomic gas mass for
galaxies with 2 < T < 7 is the main driver of the increase of
the MHI/Mstar ratio of about one order of magnitude. The sharp
decrease in the stellar mass for galaxies beyond T > 7 then com-
pensates the drop in the gas mass keeping the MHI/Mstar ratio
increasing (to about unity) but with a slower rate.
The sSFR stays roughly constant for earlier-type galaxies
(T < −2). This is because, as we see from the bottom panel, Mstar
and SFR roughly follow the same trend. For galaxies up to T = 5
though, a sharp increase in SFR and a mild decrease in Mstar
(cyan and red lines respectively in the bottom panel) results in a
sharp increase in sSFR. For later morphological types, Mstar and
SFR follow similar trends resulting in a roughly constant sSFR.
The dust-to-gas mass ratio obtains its maximum value around
T = 2. The rise in the earlier types of galaxies comes from the
sharp increase in the dust mass, compared to the gas mass which
roughly stays constant. Beyond T = 5, both the dust and the gas
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Fig. 7. Dust temperature, for galaxies of different Hubble stages, as de-
rived from CIGALE. Orange circles are individual galaxies, red dia-
monds are the mean values for each morphological bin, while blue open
squares are the median values. Error bars bracket the range between the
16th and 84th percentiles from the median. The thick green curve is a
5th order polynomial regression to the median values (see Table D.1).
The ‘+’ and ‘X’ symbols indicate strong radio jet galaxies and AGNs
respectively.
mass drop but it is the dust mass that drops faster which drives
the slow drop in the MCIGALEdust /MHI ratio. This behaviour is similar
to the results previously presented for the atomic gas mass as a
function of morphology in Draine et al. (2007) and Cortese et al.
(2012) for SINGS (Kennicutt et al. 2003) and Herschel Refer-
ence Survey (HRS, Boselli et al. 2010b) galaxies respectively. In
these studies, the ratio Mdust/MHI peaks for Sab galaxies (around
T = 2) and decreases when going either to ETGs or irregular
galaxies.
In Fig.7 we show how dust temperature, as obtained by
CIGALE, varies with morphology. Although a large scatter is
present in each morphological bin, a clear trend is evident with
ETGs heating the dust up to higher temperatures (∼ 30 K) com-
pared to LTGs where a drop in dust temperature (by ∼ 10 K) is
observed. These results compare fairly well with the findings of
Skibba et al. (2011) for 10 ETGs from KINGFISH, which found
an average dust temperature of 30 K. A sharp rise in temperature
(back to ∼ 30 K) is then seen for Sm-Irr galaxies. Here, we basi-
cally see the effect of the intense ISRF seen in ETGs being very
efficient in heating the dust up to high temperatures. This is easy
to achieve in ETGs since dust, in most cases, is found in the very
center of the galaxies where the ISRF intensity is very strong. In
LTGs with 0 < T < 8, on the other hand, dust found in the disk
of the galaxies is distributed in a more diffuse way, away from
the heating sources, keeping the dust at low temperatures (see,
e.g., Xilouris et al. 2012). For Sm-Irr galaxies, where merging
processes shape the morphology and triggers star-formation ac-
tivity, dust is found in the vicinity of star-forming sites giving
rise to the higher dust temperatures (Boselli et al. 2010a; Rémy-
Ruyer et al. 2015). For these galaxies a potential submm excess
is detected (500 and 850 µm residuals in Fig.2). This effect is ex-
pected to account for some extra amount of cold dust (Galametz
et al. 2009, 2010; Ciesla et al. 2014), undetected by the CIGALE
SED fitting.
5. Evolution of small a-C(:H)
Dust forms and grows in the circumstellar shells of evolved stars,
e.g., asymptotic giant branch (AGB) and red giant stars or in the
ejecta of core-collapse supernovae (Galliano et al. 2018), whilst
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Table 3. Mean values of MCIGALEdust , MHI, and SFR normalized to the Mstar, as well as the M
CIGALE
dust /MHI ratio together with their associated standard
deviation for different morphological bins.
T log
(〈
MCIGALEdust /Mstar
〉)
log (〈MHI/Mstar〉) log (〈S FR/Mstar〉) log
(〈
MCIGALEdust /MHI
〉)
-5 -4.23 ± 0.33 -2.00 ± 0.08 -11.70 ± 0.42 -2.31 ± 0.45
-4 -4.51 ± 0.52 -1.23 ± 0.05 -11.84 ± 0.48 -2.10 ± 0.41
-3 -4.02 ± 0.42 -1.76 ± 0.05 -11.29 ± 0.57 -2.15 ± 0.34
-2 -4.06 ± 0.35 -1.24 ± 0.09 -11.29 ± 0.17 -2.36 ± 0.20
-1 -3.75 ± 0.19 -1.29 ± 0.08 -11.02 ± 0.18 -1.84 ± 0.15
0 -3.67 ± 0.30 -1.04 ± 0.16 -10.72 ± 0.18 -1.93 ± 0.25
1 -3.57 ± 0.15 -1.14 ± 0.11 -10.37 ± 0.14 -1.86 ± 0.11
2 -3.39 ± 0.15 -1.29 ± 0.09 -10.32 ± 0.16 -1.67 ± 0.07
3 -3.13 ± 0.13 -0.78 ± 0.11 -10.10 ± 0.13 -2.04 ± 0.06
4 -3.02 ± 0.14 -0.62 ± 0.10 -10.07 ± 0.14 -2.16 ± 0.07
5 -2.90 ± 0.15 -0.48 ± 0.12 -9.86 ± 0.13 -2.28 ± 0.08
6 -2.77 ± 0.19 -0.20 ± 0.11 -9.83 ± 0.14 -2.29 ± 0.12
7 -2.73 ± 0.21 -0.02 ± 0.13 -9.78 ± 0.13 -2.53 ± 0.11
8 -2.77 ± 0.19 -0.07 ± 0.10 -9.85 ± 0.12 -2.46 ± 0.13
9 -2.96 ± 0.30 0.20 ± 0.15 -9.65 ± 0.14 -2.63 ± 0.36
10 -2.95 ± 0.39 0.41 ± 0.17 -9.54 ± 0.19 -2.41 ± 0.39
[−5.0,−3.5) -4.29 ± 0.36 -1.66 ± 0.06 -11.73 ± 0.43 -2.24 ± 0.44
[−3.5, 0.5) -3.88 ± 0.30 -1.23 ± 0.11 -11.06 ± 0.21 -2.05 ± 0.20
[0.5, 2.5) -3.48 ± 0.15 -1.20 ± 0.10 -10.35 ± 0.15 -1.77 ± 0.09
[2.5, 5.5) -3.00 ± 0.14 -0.60 ± 0.11 -9.99 ± 0.13 -2.15 ± 0.07
[5.5, 8.5) -2.76 ± 0.20 -0.11 ± 0.11 -9.82 ± 0.13 -2.38 ± 0.12
[8.5, 10.0] -2.95 ± 0.36 0.34 ± 0.17 -9.58 ± 0.18 -2.48 ± 0.39
acting as catalyst for molecular hydrogen (H2) formation. On
the other hand, the smallest grains, which are primarily carbona-
ceous nanoparticles are much more susceptible to the local con-
ditions. This can result in their (photo/thermal) processing and
possibly their complete destruction if the local physical condi-
tions (gas temperature and density, radiation field hardness and
intensity) are extreme enough (see Jones 2004, for a review). Un-
derstanding the link between the dust properties and star forma-
tion, can provide useful information for galaxy evolution studies.
From CIGALE, we were able to obtain an estimate of the mass
fraction of small a-C(:H) grains, qhac, for our galaxy sample. We
note, however, that since this parameter may not be well con-
strained in some cases (see the mock analysis in Appendix A),
interpretation of the results should be considered with caution.
Figure 8 shows how qhac varies with the sSFR and morphologi-
cal type. The qhac mass fraction is normalized to the fraction es-
timated for the diffuse Galactic ISM (∼ 17%, Compiègne et al.
2011), and varies by one order of magnitude, with a typical er-
ror of 16%. Despite the large scatter, we find a mild correlation
between qhac and sSFR (ρ = −0.57). Galaxies with low sSFR up
to log(sSFR) ∼ −10.5 have roughly constant qhac values, with
fractions similar or slightly higher than the one estimated for the
Galactic ISM. Then, qhac drops very fast for galaxies with high
sSFR, log(sSFR) > −10.5. Rémy-Ruyer et al. (2015) found a
similar decreasing trend between the PAH abundance and the
sSFR for two samples of late-type galaxies (109 in total), DGS
(Dwarf Galaxy Survey, Madden et al. 2013) and KINGFISH.
The behaviour seen in Fig. 8 indicates that galaxies at the
beginning of their evolutionary stage have low mass fractions of
small grains and as galaxies evolve, more metals become avail-
able in the ISM resulting to a more efficient grain growth, and
thus to higher qhac fractions. The majority of low mass LTGs
(Sm-Irr) in Fig. 8, have on average higher sSFRs (see Table 3),
and significantly lower qhac values. In this case, galaxies with
high sSFR possess stronger UV radiation fields, often result-
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Fig. 8. The small a-C(:H) mass fraction (qhac) as a function of specific
star-formation rate. The parameter qhac is expressed in units of qhac,
qhac = 17%. Each point represents a galaxy and it is colour-coded
according to morphology type, while galaxies hosting AGNs and strong
radio-jets are indicated with an ‘X’ and a ‘+’ respectively. The large
cross is the typical uncertainty on the data.
ing to the efficient destruction of the small grains in the ISM.
As ‘typical’ spiral galaxies grow in stellar mass and gas, their
a-C(:H) mass fractions increase too, with qhac reaching up to
qhac, and then remain roughly constant for the later evolution-
ary stages. This behaviour indicates a balance between dust de-
struction and dust growth (Mattsson et al. 2014), consistent with
the findings of De Vis et al. (2019), which studied the varia-
tion of the dust-to-metal ratio for a subsample of ∼ 500 DustPe-
dia galaxies. They found that a chemical evolution model with
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Table 4. Mean luminosity ratios of the stellar and dust components of galaxies with different Hubble stages (T ). Given that Lbolo is the bolometric
luminosity, Ldust the dust luminosity, Lunattold and L
unatt
young the unattenuated luminosity of the old and the young stars, L
att
old and L
att
young the attenuated
luminosity of the old and the young stars, Labsold and L
abs
young the luminosity of the old and the young stars absorbed by dust, we define the following
fractions: f unattold =
Lunattold
Lbolo
, f unattyoung =
Lunattyoung
Lbolo
, f attold =
Lattold
Lbolo
, f attyoung =
Lattyoung
Lbolo
, fabs =
Ldust
Lbolo
, Fattold =
Lattold
Lunattold
, Fabsold =
Labsold
Lunattold
, Fattyoung =
Lattyoung
Lunattyoung
, Fabsyoung =
Labsyoung
Lunattyoung
, S absold =
Labsold
Ldust
,
and S absyoung =
Labsyoung
Ldust
.
T f unattold f
unatt
young f
att
old f
att
young fabs F
att
old F
abs
old F
att
young F
abs
young S
abs
old S
abs
young
-5 0.99 0.01 0.97 0.01 0.02 0.98 0.02 0.84 0.16 0.91 0.09
-4 0.98 0.02 0.97 0.01 0.02 0.99 0.01 0.87 0.13 0.90 0.10
-3 0.93 0.07 0.88 0.03 0.09 0.93 0.07 0.66 0.34 0.84 0.16
-2 0.96 0.04 0.92 0.02 0.06 0.95 0.05 0.73 0.27 0.88 0.12
-1 0.94 0.06 0.86 0.02 0.12 0.90 0.10 0.55 0.45 0.84 0.16
0 0.94 0.06 0.86 0.02 0.12 0.91 0.09 0.52 0.48 0.79 0.21
1 0.89 0.11 0.73 0.02 0.25 0.79 0.21 0.31 0.69 0.76 0.24
2 0.87 0.13 0.72 0.03 0.25 0.80 0.20 0.30 0.70 0.69 0.31
3 0.81 0.19 0.62 0.05 0.33 0.76 0.24 0.23 0.77 0.59 0.41
4 0.79 0.21 0.63 0.06 0.31 0.79 0.21 0.28 0.72 0.54 0.46
5 0.75 0.25 0.59 0.07 0.34 0.78 0.22 0.28 0.72 0.48 0.52
6 0.77 0.23 0.65 0.11 0.24 0.85 0.15 0.45 0.55 0.47 0.53
7 0.75 0.25 0.64 0.11 0.25 0.85 0.15 0.42 0.58 0.44 0.56
8 0.77 0.23 0.69 0.13 0.18 0.89 0.11 0.55 0.45 0.44 0.56
9 0.73 0.27 0.67 0.18 0.15 0.91 0.09 0.67 0.33 0.40 0.60
10 0.73 0.27 0.68 0.20 0.12 0.94 0.06 0.74 0.26 0.44 0.56
[−5.0,−3.5) 0.98 0.02 0.97 0.01 0.02 0.98 0.02 0.85 0.15 0.90 0.10
[−3.5, 0.5) 0.95 0.05 0.89 0.02 0.09 0.93 0.07 0.64 0.36 0.85 0.15
[0.5, 2.5) 0.88 0.12 0.72 0.03 0.25 0.80 0.20 0.31 0.69 0.73 0.27
[2.5, 5.5) 0.78 0.22 0.61 0.06 0.33 0.78 0.22 0.27 0.73 0.53 0.47
[5.5, 8.5) 0.77 0.23 0.66 0.11 0.23 0.86 0.14 0.46 0.54 0.45 0.55
[8.5, 10.0] 0.73 0.27 0.68 0.19 0.13 0.93 0.07 0.72 0.28 0.42 0.58
a significant contribution from grain growth describes DustPe-
dia galaxies fairly well, with the more evolved galaxies having a
constant dust-to-metal ratio, while less evolved galaxies have on
average 2.5 times lower dust-to-metal ratios.
6. The stellar populations and the dust content in
nearby galaxies
A knowledge of the different components of the stellar popula-
tions in galaxies and the way their released energy is interacting
with the dust particles is a crucial piece of information in un-
derstanding the full picture of galaxy formation and evolution
(Smith et al. 2012; Boquien et al. 2014; Bendo et al. 2015). Here
we explore the importance of the old and the young stellar com-
ponents of the galaxies as parametrized by CIGALE. CIGALE
distinguishes between two classes of stars, one of a variable
age accounting for the average old stellar population and one
of a younger age (tflex as parametrized in the case of a flexible-
delayed SFH used here) accounting for the young stellar popula-
tion. The old stellar population was given the freedom to obtain
values between five different ages ranging from 2 to 12 Gyr (see
Table 1, tgal) while the age of 200 Myr was fixed for the young
stellar population. The choice of a fixed young stellar age was
dictated by the need to keep the total number of parameters in
CIGALE to a minimum and from the fact that varying the age
will not significantly alter the shape of the SED and thus the
luminosity of this component (see Ciesla et al. 2016, and their
Fig. 3 where SEDs of a range of ttrunc values are plotted).
In Fig. 9 we present the median SEDs fitted by CIGALE for
six main morphological types. In each panel the median SED
for each Hubble type is indicated as a black solid curve. The red
and blue curves in the optical part of the SED are the median
SEDs of the unattenuated old and young stellar populations re-
spectively, while the orange and green curves in the MIR-submm
part are the median SEDs indicating the diffuse dust and the
dust in photo-dissociation regions respectively. In all curves the
shaded areas bracket the 16th and 84th percentiles around the
median. A first visual inspection of the SEDs of different Hubble
types shows that the young stellar population becomes less dom-
inant, as compared to the old stellar population, when following
the evolutionary track from the late-type and irregular galaxies
to the early-type galaxies. This can be quantified by calculating
the relative contribution of each component to the total bolomet-
ric luminosity of each galaxy, something that we will discuss in
Sect. 6.1.
In the FIR-submm part of the spectrum we see that, for all
types of galaxies, the emission is dominated by the diffuse dust
component (orange curve) with the PDR dust (green curve) be-
ing only a small fraction mainly contributing to the MIR emis-
sion. In the cases of E and Sm-Irr type galaxies, in particular, the
PDR dust emission is negligible with the MIR emission com-
posed mainly from the superposition of the diffuse dust emission
and the emission originating from the old stellar population. The
diffuse dust emission progressively becomes a significant part
of the bolometric luminosity of the galaxy when moving along
the evolutionary track from E to Sb-Sc but then it becomes less
prominent at later type galaxies. As a result of the large quan-
tities of dust grain material in these galaxies a severe extinction
is observed (especially evident in the UV wavelengths, below
∼ 0.4 µm). This is a striking feature in the SEDs of Sa-Sab, and
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Fig. 9. Template SEDs for the six main morphological classes as derived by CIGALE. The median SED of each sub-class is shown as a black
curve while the unattenuated SEDs of the old and the young stars are shown as red and blue curves respectively. The orange curve indicates the
median spectrum of the diffuse dust, while the green curve shows the emission from PDRs. The shaded areas represent the range of the 16-84th
percentiles to the median value (except for the case of the PDR spectra, where, for clarity, we refrain from presenting the full range of SEDs). For
each subsample, the 10% most deviant SEDs have been excluded (see also the template SEDs presented in Bianchi et al. 2018).
Sb-Sc galaxies where the unattenuated SEDs of both the old and
the young components (red and blue respectively) are exceed-
ing the ‘observed’ SED of the galaxy (black curve). In E and S0
galaxies the extinction is minimal with both unattenuated curves
below the observed SED, while for Scd-Sdm and Sm-Irr galaxies
it is only the young stars that suffer from significant attenuation
at UV wavelengths below ∼ 0.2 µm.
6.1. Old and young stellar populations in galaxies
Investigating the relative contribution of the old and the young
stellar components to the bolometric luminosity for galaxies of
different morphological types as well as the effect of the differ-
ent stellar populations in the dust heating is a difficult task. This
is because the light originating directly from the stars cannot di-
rectly be observed due to its attenuation by the dust. The only
way to overcome this problem is by exploiting the information
hidden in the SEDs using appropriate methods that simultane-
ously treat the stellar and dust emission. We do this based on
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Fig. 10. Left: The ratio of the unattenuated luminosity of the old and the young stellar components to the bolometric luminosity (red and blue
circles respectively; top-left panel) along with the respective stacked-bar plots of the mean values (bottom-left panel). Right: The ratio of the
attenuated luminosity of the old and the young stellar components to the bolometric luminosity (red and blue circles respectively) together with
the ratio of the dust luminosity to the bolometric luminosity (orange circles; top-right panel) along with the respective stacked-bar plots of the
mean values (bottom-right panel). Square symbols in the top panels are the median values for a specific Hubble stage bin while the bars indicate
the 16th and 84th percentiles range. The thick green curves are the 5th order polynomial regression to the median values (see Table D.1 for the
polynomial regression parameters). Galaxies hosting an AGN or strong radio-jets are marked with an ‘X’ or a ‘+’, respectively, for the old stellar
population only (red circles) in the top-left panel, and for the dust luminosity only (orange circles) in the top-right panel.
the parametrization of the stellar populations and the dust emis-
sion obtained by fitting CIGALE to the DustPedia galaxies. This
is shown in the top-left panel of Fig. 10 with the ratio of the
unattenuated luminosities (i.e., the intrinsic luminosities) of the
two stellar components (old and young) to the bolometric lu-
minosity ( f unattold = L
unatt
old /Lbolo, f
unatt
young = L
unatt
young/Lbolo) plotted as
red and blue circles respectively. What is immediately evident
is the dominant role of the old, more evolved, stars in the total
luminosity. Independent from the morphology of the galaxy, on
average, the old stellar component dominates the bolometric lu-
minosity of the galaxy contributing with more than ∼ 75%. The
luminosity of the ETGs (T < 0.5) is the most extreme example,
dominated by the emission of the old stars and with only a small
contribution (maximum of ∼ 10% at T = 0) from the young stars
(see Table 4). For a detailed discussion on the contribution of old
and young stars on the luminosity of ETGs (focusing on the dif-
ferent behavior of the two ‘classical’ subsamples of elliptical and
lenticular galaxies) we refer to Cassarà et al. (2019, to be submit-
ted). For morphological types from T = 0 − 5, there is a gradual
rise in the contribution of the young stars to the bolometric lumi-
nosity reaching about 25% while it stays practically constant for
morphological types T > 5. The scatter in each morphological
bin is quite significant, though a clear trend, as discussed above,
is visible.
Some galaxies, of various Hubble stages, show values of
the relative luminosities of the different stellar components to
the bolometric luminosities, reaching up to 50%, for example
NGC 1222, NGC 1377, ESO097-013, ESO 493-016, NGC 2993,
NGC 4194, NGC 6300, and NGC 7714. These are all galaxies
showing extreme values of SFR, well above the average value for
each morphological bin. The bottom-left panel in Fig. 10 shows
the stacked bars of the mean values per Hubble stage with the ex-
act mean values provided in Table 4 (columns f unattold and f
unatt
young).
6.2. The heating of dust by the different stellar populations
The presence of large quantities of dust material throughout the
galaxy affects how the galaxy is observed, by extinguishing the
light originating from the different stellar populations. The lost
energy will be deposited into the dust giving rise to the luminos-
ity at FIR wavelengths. This interplay between stars and dust is
presented in the top-right panel of Fig. 10, in its simplest way,
for galaxies of different Hubble stages. The red and blue cir-
cles now indicate the luminosity attenuated by dust, normalized
to the bolometric luminosity of each galaxy, for the old and the
young stars respectively ( f attold = L
att
old/Lbolo, f
att
young = L
att
young/Lbolo).
Comparing with the top-left panel of Fig. 10, a decrease in lu-
minosity is observed for both stellar populations, which is most
important in intermediate Hubble stages (1 ≤ T ≤ 7). This en-
ergy is absorbed by the dust and re-emitted in the IR and submm
wavelengths giving rise to the dust luminosity (orange circles;
fabs = Ldust/Lbolo).
The bottom-right panel in Fig. 10 shows the stacked bars of
the mean value per Hubble stage for the three components (old
stars, young stars and dust) with the exact mean values provided
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Fig. 11. Mean values, per Hubble stage bin, of the fraction of the luminosity of the old and the young stellar components (left and right panels
respectively) used for the dust heating. In each panel the mean values of the ratio of the luminosity absorbed, by the dust, to the unattenuated
luminosity of the specific stellar component (Fabsold , F
abs
young) is shown as crossed bars, while the mean values of the ratio of the attenuated luminosity
of the specific stellar component to the unattenuated luminosity (Fattold, F
att
young) is shown as solid bars. The mean values are provided in Table 4.
in Table 4 (columns f attold, f
att
young and fabs). What is interesting to
notice from this plot is the continuous, monotonic increase of
f attyoung when following the Hubble sequence from E to Irr galax-
ies reaching maximum mean values of 20% for Irr galaxies. Both
the young and the old stars are mostly affected by dust in inter-
mediate spiral galaxies (1 ≤ T ≤ 7) with a drop of more than
15% in their intrinsic luminosities.
To further investigate the efficiency of the two stellar popu-
lations in the heating of the dust, we calculated the ratios of the
attenuated and the absorbed, by the dust, luminosities in each
stellar component to the unattenuated luminosity of the spe-
cific component (Fattold = L
att
old/L
unatt
old , F
abs
old = L
abs
old/L
unatt
old for the
old stellar population and Fattyoung = L
att
young/L
unatt
young and F
abs
young =
Labsyoung/L
unatt
young for the young stellar population). This is presented
in the stacked bar graphs of Fig. 11, with the left panel for the
relative contribution of the old stars and the right panel for the
young stars. In each panel the shaded bars show the fraction of
the luminosity of each stellar component that is absorbed by the
dust and contribute to its heating, while the remaining is the frac-
tion of the luminosity that is left as direct light emitted by the
stars. For the case of the old stellar population the stars donate
up to ∼ 24% of their luminosity for Sb galaxies to the dust heat-
ing, with a very small fraction of their luminosity (below ∼ 10%)
being used for this purpose for the two extremes of the Hubble
stages (E and Irr). The young stars, on the other hand, are more
generous giving a significant fraction of their luminosity in heat-
ing the dust which can be up to ∼ 77%, again for Sb galaxies,
with more than ∼ 15% − 20% for the extreme Hubble stages.
The relative contribution of the old and the young stars to the
dust heating is shown in Fig 12 with the absorbed luminosities to
the dust luminosity (S absold = L
abs
old/Ldust, and S
abs
young = L
abs
young/Ldust
for the old and the young stellar populations respectively) plot-
ted as stacked bars (red and blue respectively). Here, it is inter-
esting to notice the gradual increase in the contribution of the
young stars to the dust heating from only ∼ 10% for E galaxies
to ∼ 60% for later type galaxies (see Table 4 for the exact val-
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Fig. 12. The mean values per Hubble stage bin, of the ratios of the lu-
minosity absorbed by dust, for a specific stellar component to the dust
luminosity. Red and blue bars refer to the old and the young stellar com-
ponents (S absold and S
abs
young) respectively. The mean values are provided in
Table 4.
ues). To obtain a clearer view on the dust heating processes, we
look at the relation between the S absyoung and the sSFR. The sSFR
is sensitive to the different heating sources in galaxies and can
adequately trace the hardness of the UV radiation field (Ciesla
et al. 2014).
Figure 13 shows the correlation between the sSFR and
S absyoung. We find a tight correlation with a Spearman’s coefficient
ρ = 0.95. The relation between the two quantities can be approx-
imated with a power law function:
log S absyoung = 0.44 × log sS FR + 6.06 , (8)
Galaxies with log sSFR > −10.5 have high S absyoung fractions,
indicating that dust is mainly heated by UV radiation emit-
ted by the young stellar population, whereas galaxies with low
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Fig. 13. Correlation between S absyoung and sSFR. Each point represents a
galaxy and it is colour-coded according to morhphological type. Galax-
ies hosting AGNs and strong radio-jets are marked with an ‘X’ and a
‘+’ respectively. The black dashed line is the best fitted powerlaw. For
comparison, the best fitted lines for M51 (green line: De Looze et al.
2014) and HRS (magenta line: Viaene et al. 2016) are shown.
log sSFR have extremely low heating fractions. A similar cor-
relation was reported by De Looze et al. (2014) and Viaene
et al. (2017). They used radiation transfer simulations to quan-
tify the dust heating fraction due to the young stellar population
(≤ 100 Myr) for M51 and the Andromeda galaxy respectively.
They found that high heating fractions correspond to high lev-
els of sSFR. Furthermore, Viaene et al. (2016) also reported a
similar trend between the UV dust heating fraction and the sSFR
for 239 LTGs of the HRS sample. A clear offset can be seen in
Fig. 13 between the results of this work (black line) and the work
of De Looze et al. (2014) (green line) and Viaene et al. (2016)
(magenta line). We attribute this offset due to the different meth-
ods used to estimate the sSFR and the heating fraction. De Looze
et al. (2014) estimated the star-formation rate of M51 in a pixel-
by-pixel basis, using the MAPPINGS (Groves et al. 2004) SED
templates of the ionizing stars (≤ 10 Myr), while Viaene et al.
(2016) used MAGPHYS to derive the sSFR. Furthermore, we
also notice a correlation of the heating fraction with morphol-
ogy, with LTGs having the highest heating fractions. From this
analysis, it is evident that dust heating is driven globally and
locally, by the ratio of ongoing star-formation, and the past star-
formation.
The approach we used in this study to determine the dust
heating due to the different stellar populations is only a rough
approximation given the perplexing interaction among the stel-
lar radiation field and the dust. Other sources, not treated here,
could potentially contribute to the dust heating [e.g, the X-ray
emission from a hot halo gas (Natale et al. 2010) or an AGN].
Thus, a more sophisticated approach is needed to describe the
complicated processes that contribute to the heating of dust in
galaxies that take into account the effect of non-local heating.
Such approaches include detailed treatment of the 3D morphol-
ogy of galaxies through radiative transfer modelling. Following
previous studies by De Looze et al. (2014) and Viaene et al.
(2017), several DustPedia galaxies have been modelled using
the SKIRT radiative transfer code (Baes et al. 2011; Camps &
Baes 2015). These galaxies include the most extended, face-on
galaxies in our sample [e.g., NGC 3031 (M 81), NGC 1365,
NGC 5236 (M 83), NGC 3351 (M 95), NGC 4321 (M 100) and
NGC 1068 (M 77)] with a variety of morphologies (grand design
spirals, lenticulars, barred, AGNs). Although the heating of the
dust (attributed to old and young stars) in these studies is inves-
tigated on local scales, our results on global scales agree fairly
well [details of this analysis are presented in Verstocken et al. (to
be submitted), Nersesian et al. (in preparation) and Viaene et al.
(in preparation)].
7. Summary and conclusions
We have used photometric measurements of a sample of 814 lo-
cal galaxies, drawn from the DustPedia archive, to construct their
multi-wavelength SEDs (from the UV to the submm). This is the
first dedicated dust heating study for such a large, statistically
significant sample. The majority of these objects (94%) have
more than 15 such measurements available (with a minimum of
10 and a maximum of 30). The galaxies span a variety of mor-
phologies parametrized with their Hubble stage (T ) on a scale
from -5 to 10 (from pure ellipticals to irregular galaxies respec-
tively) with an average of 50 objects in each morphology class.
In order to extract information on their baryonic content (stars
and dust) we utilize the advanced fitting tool CIGALE adapted so
as to include the recently developed dust model THEMIS (Jones
et al. 2017) that successfully explains the observed FUV-NIR ex-
tinction, the IR to submm dust thermal emission and the shape
of the infrared emission bands. For each galaxy we obtain accu-
rate measurements of the stellar mass, the current star-formation
rate, the dust mass, and the dust temperature, while the stellar
populations in each galaxy and their role in the dust heating
is investigated by deriving the luminosity produced by the old
and the young stars separately. Additional information on the
atomic gas mass (MHI) for a subsample of 711 galaxies is also
provided for each galaxy (De Vis et al. 2019). For comparison,
we have derived the global dust properties (mass and tempera-
ture) in an independent way, by fitting the FIR-submm part of the
SED (λ ≥ 100 µm) with a modified black-body properly scaled
to account for the THEMIS dust physics. Our analysis indicates
that:
– The stellar mass is maximal for pure ellipticals (T = −5) and
small variations for galaxies of T < 2 with a sharp drop (of
about two orders of magnitude) for later-type galaxies. The
atomic gas mass varies slightly for galaxies with T < 2 (very
similar to the stellar mass) followed by a drop (of about an
order of a magnitude) for later-type galaxies. The dust mass
and SFR change in a similar way, between different morpho-
logical classes, with a continuous increase for earlier-types
and a decrease for later-type galaxies (of about two orders
of magnitude in both cases), with a peak value for galaxies
around T = 5.
– Normalization to the stellar mass of the galaxy shows an in-
creasing trend (from T = −5 to T = 10) for both the dust
and the gas content as well as the SFR with MCIGALEdust /Mstar
obtaining its maximum value at T = 7, MHI/Mstar increasing
continuously from T = −5 to T = 10 and with sSFR being
roughly constant for ETGs with T < −2, increasing rapidly
for galaxies with Hubble stages up to T = 5 followed by a
mild increase for later-type galaxies. The dust-to-gas mass
ratio (MCIGALEdust /MHI) obtains its maximum value at around
T = 2 with lower values (by about two orders of magnitude)
for earlier- and later-type galaxies.
– The dust temperature, calculated by scaling the strength of
the ISRF intensity derived by CIGALE, is higher for ETGs
(∼ 30 K) compared to LTGs where a drop by ∼ 10 K is
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observed, followed by a sharp rise back to ∼ 30 K for Sm-
Irr type galaxies. The dust temperatures compare fairly well
with those derived by fitting a single MBB in the wavelength
range 100-600 µm, especially for LTGs.
– The mass fraction of aromatic feature emitting grains qhac,
correlates with sSFR and morphology. High sSFR galaxies
have low dust mass fractions and as galaxies grow in stellar
mass and gas content, qhac rises up to values close to the one
estimated for the Galactic ISM (∼ 17%). For galaxies with
sSFR > 10−10 yr−1, qhac was found to be roughly constant.
– ETGs contain, mainly, old stars with only a small fraction of
the bolometric luminosity (< 10%) originating from young
stars. For spiral galaxies with Hubble stages from 0-5 the
fraction of young stars gradually increases up to ∼ 25%,
while it stays roughly constant for galaxies with Hubble
stages larger than 5.
– The dust luminosity normalized to the bolometric luminos-
ity of the galaxy ( fabs) gets its maximum value (∼ 34%)
for galaxies with Hubble stages around 5 while it progres-
sively gets down to nearly zero for ellipticals (T = −5) and
to ∼ 10% for irregulars (T = 10) (see Bianchi et al. 2018, for
a complete review on fabs).
– On average, young stars are heating the dust more efficiently
with the absorbed, by the dust, luminosity reaching as high
as ∼ 77% (at T = 3) of the total, unattenuated luminosity of
the young stars. On the other hand, the maximum luminosity
of the old stars used in the heating of dust is ∼ 24%, again at
T = 3.
– The heating of the dust in ETGs is dominated by the old stars
to a level of up to ∼ 90% while the young stars progressively
contribute more to the dust heating for galaxies with Hubble
stages from 0 to 5, while they become the dominant source
of dust heating for galaxies with Hubble stages greater than
5 contributing to ∼ 60% to the dust heating.
– The dust heating fraction by young stars is strongly corre-
lated with the specific star-formation rate with higher heat-
ing fractions corresponding to higher sSFR. There is also a
clear trend between the heating fraction and the morphologi-
cal type with significantly higher fractions in late type galax-
ies.
Recipes to estimate physical properties of galaxies, as a func-
tion of the Hubble stage of the galaxy are provided in Table D.1.
The results of the CIGALE and the MBB modelling, presented
in this study, are provided in the DustPedia archive for every
galaxy modelled.
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Appendix A: Mock Analysis
In this section we present the results of the mock analysis.
The results of this procedure are shown in Fig. A.1 with
the input values of each parameter plotted on the x-axis and
the probability-weighted mean value along with the associated
standard-deviation of the fitted values (error bars) on the y-axis.
The data are colour-coded with the number of fluxes available
for each galaxy (see the inset of the panel in the middle for the
explanation of the colours). There are 17, 86, 134, 337, 152, and
88 galaxies with their available number of observations between
[10,13), [13,17), [17,20), [20,24), [24,27), and [27,30] respec-
tively.
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Fig. A.1. Comparison between the best fitted parameters (input val-
ues; x-axis) and the mock parameters (fitted values; y-axis) estimated
from the CIGALE fitted PDFs for each parameter (SFR, AFUV, qhac,
Mstar, Lbolo, Umin, MCIGALEdust , Ldust, and γ, from top to bottom). For each
galaxy the probability-weighted mean value along with the associated
standard-deviation of the mock values (error bars) are plotted on the y-
axis. In the cases of qhac, Umin, and γ, the average standard-deviation
is plotted in the bottom-right corner of each panel, in order to avoid
confusion. The data are colour-coded with the number of observations
available for each galaxy (see the inset of the panel in the middle for
the explanation of the colours). The solid black line is the one-to-one
relation, the red dotted line is the linear regression to the full set of data,
while the green dashed line is the linear regression to the galaxies with
more than 20 observations available. The Spearman’s coefficient (ρ) of
the linear regression fits is also provided in each panel.
In general, most of the parameters are well correlated with
the input parameters but there is significant scatter in the cases
of MCIGALEdust , AFUV, qhac, Umin and γ. Galaxies with large devia-
tions from the one-to-one relation usually have red, gold or green
colours indicating that the lack of observations is an important
cause of this discrepancy. In most cases the linear fit is very close
to the one-to-one relation indicating the ability of CIGALE to
retrieve the input values. The exceptions are the values of qhac,
and Umin with their linear regression fits deviating significantly
from the one-to-one relation. This is also shown with the Spear-
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Fig. B.1. Same as Fig.A.1 but for the DL14 dut model. In DL14, the
PAH abundance (qPAH) is substituting the fraction of hydrocarbon solids
(qhac).
man’s coefficient, ρ = 0.32 and ρ = 0.57 respectively. The linear
regression improves when only galaxies with a sufficient num-
ber of observations (more than 20) are considered (green dashed
lines) with the associated Spearman’s coefficients being slightly
higher (ρ = 0.45 and ρ = 0.69 for qhac, and Umin respectively).
To understand the nature of these deviations, we performed a
series of tests. First, a visual inspection of the fitted SEDs of the
galaxies that are the most deviant from the one-to-one relation in
the mock analysis revealed that most of these objects lack crucial
photometric data near the peak of the dust emission (just left or
right from the peak), making it quite hard to constrain the dust
parameters. Moreover, many of these deviant galaxies have large
uncertainties on their FIR-submm flux measurements which also
adds up to the poor constraint of Umin.
Finally, our CIGALE set up, with the specific parameter grid
used for this study, was also used by Trcˇka et al. (2019, in prepa-
ration) to fit synthetic SEDs (from the FUV to the submm wave-
lengths) of galaxies from the EAGLE (Evolution and Assembly
of GaLaxies and their Environments; Schaye et al. 2015) sim-
ulations. In this sample a complete set of measurements of 29
bands were available for CIGALE to fit resulting in a very accu-
rate recovery of the input values for each parameter (Trcˇka et al.,
2019 in preparation). From the above tests it becomes evident
that the most important cause of the large uncertainties observed
in some of the derived parameters is the poor wavelength cover-
age for these galaxies.
Appendix B: CIGALE modelling using the DL14
dust grain model and comparison with the
THEMIS model
Since Draine et al. (2007) (updated in Draine et al. 2014, DL14)
is a widely adopted model that describes the dust properties,
we performed an additional fitting run with CIGALE using this
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Fig. B.2. Distribution of the reduced χ2 of the 814 galaxies modelled
with CIGALE and with the DL14 dust model (black line). The distri-
butions for the LTGs and the ETGs are also shown (blue and red lines
respectively).
model, instead of THEMIS (Sect. 3.1.2). The parameter grid is
the same as in the case of THEMIS, with only the PAH abun-
dance (qPAH) substituting the fraction hydrocarbon solids (qhac;
see Table 1).
In Fig. B.1 we show the results of the relevant mock analysis
obtained from CIGALE with the input values of each parameter
plotted on the x-axis and the mock fitted values on the y-axis. As
in the case of Fig. A.1, data are colour-coded according to the
number of observations available for each galaxy (see the inset
of the panel in the middle for the explanation of the colours). As
in the case where the THEMIS model is used, most of the in-
put values of the parameters are well correlated with the values
derived from the mock analysis with the exception of qPAH, and
Umin that show a similar scatter. The Spearman’s coefficients for
these parameters are ρ = 0.57 and ρ = 0.59 respectively. The
linear regression improves when only galaxies with a sufficient
number of observations (more than 20) are considered (green
dashed lines) with the associated Spearman’s coefficients being
slightly higher (ρ = 0.66 and ρ = 0.70 for qpah and Umin respec-
tively).
As for the THEMIS model we provide here the χ2red distribu-
tion in Fig. B.2 (to be compared with Fig. 1). In the DL14 case
the median value of χ2red is 0.58 for the full sample, with 0.56
for the LTGs only and 0.61 for the ETGs. There are 57 (∼ 7%)
galaxies with χ2red > 2 and 19 (∼ 2%) with χ2red > 4.
In Fig. B.3 we compare the results obtained by fitting
CIGALE with the DL14 dust model (x-axis) and the THEMIS
model (y-axis) for four parameters (SFR, Tdust, Mstar, and Mdust,
from top to bottom respectively). In each panel the galaxies mod-
elled by CIGALE are plotted, colour-coded with their morphol-
ogy (see the inset in the top-left panel). It immediately becomes
evident that parameters that are constrained, mainly, from the
optical part of the SED of the galaxy (SFR and Mstar) are in very
good agreement, and on the one-to-one relation, almost unaf-
fected by the choice of the dust model. The dust parameters on
the other hand, Tdust and Mdust, depend on the choice of the dust
model used and this is revealed by an offset from the one-to-
one relation for all morphologies. In particular, DL14 predicts
higher dust masses with a percentage difference of ∼ 42% and
lower dust temperatures of ∼ 5%. This offset is due to the fact
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Fig. B.3. Comparison between SFR, Tdust, Mstar, and Mdust (from top-left
to bottom-right respectively), as derived from CIGALE, assuming two
different dust grain models (DL14 on x-axis and THEMIS on y-axis).
The points are colour-coded according to the six main morphological
types (see the inset in the top-left panel). The black solid line is the
one-to-one relation.
that THEMIS is more emissive than DL14. THEMIS has both
a lower β and a higher κ0 value (e.g., Fig. 4 of Galliano et al.
2018).
Appendix C: Comparison with different recipes
used in the literature
Here we investigate how the parameters derived from CIGALE
compare with values obtained from recipes, widely used in the
literature. To obtain an alternative estimate of stellar mass we
have used the formula derived in Wen et al. (2013):
log
(
Mstar
M
)
= (−0.040 ± 0.001) + (1.120 ± 0.001)
× log
(
νLν(3.4 µm)
L
)
,
(C.1)
where Lν(3.4 µm) is the WISE 3.4 µm luminosity in L. Another
recipe we used to determine the stellar mass was the formula
derived in Taylor et al. (2011):
log
(
Mstar
M
)
= 1.152 + 0.7 (g − i) − 0.4Mi , (C.2)
where g and i are the apparent magnitudes derived from our pho-
tometry of SDSS data in the respective bands and Mi is the ab-
solute i-band magnitude. Stellar masses derived from the above
are compared with those obtained from CIGALE in Fig. C.1 (left
panels). In all panels of Fig. C.1, the circles are individual galax-
ies colour-coded with their morphology, as shown in the inset in
the top-left panel, while the ‘X’ and ‘+’ symbols indicate AGN
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Fig. C.1. Comparison between Mstar (left panels) and SFR (right panels)
derived from CIGALE (x-axis), and other recipes widely used in the lit-
erature (y-axis). The formulas used in the literature are given in the text.
The points are colour-coded according to the morphological type, while
galaxies hosting AGNs and strong radio-jets are marked with an ‘X’ and
a ‘+’ respectively. The black solid line is the one-to-one relation.
and strong radio galaxies (in many cases being extreme out-
liers in the correlations under investigation). Even though Tay-
lor et al. (2011) assumed a Chabrier (2003) IMF to retrieve the
stellar masses, the comparison with CIGALE is fairly good but
with a small offset. On the other hand, the stellar masses derived
from the WISE 3.4 µm band compare even better with the stel-
lar masses derived from CIGALE. Thus, we can confirm that the
recipe of Wen et al. (2013) is a good proxy for the stellar mass
of a galaxy.
We have used the WISE 12 µm and WISE 22 µm data to
make alternative estimates of the SFR of the galaxies. Before
calculating the SFR we have subtracted an estimate of the stellar
continuum emission in the 12 µm and 22 µm bands using the data
in Table B1 of Ciesla et al. (2014). They calculate the contami-
nation separately for early and late type galaxies based on fits to
the stellar continuum at shorter wavelengths. We used the values
normalized to the IRAC 3.6 µm band. Cluver et al. (2014) have
used the WISE 12 µm data, calibrated against Hα, to derive SFRs
for GAMA sample galaxies matched to the WISE data (Driver
et al. 2011). These galaxies have a wide range of morphological
types, though of course the initial calibration does require a mea-
sured Hα flux. Typically, the strongest individual contributor to
the WISE 12 µm pass band is the 11.3 µm PAH feature, which is
predominantly excited by ultraviolet radiation from young stars
and hence the link to the SFR (Kaneda et al. 2008). Houck et al.
(2007) and Farrah et al. (2007) have previously shown that PAH
features can be used as indicators of the current SFR. To this end
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we use the re-calibration of the Cluver et al. (2014) WISE 12 µm
flux density SFR relation given in Davies et al. (2016):
log
(
SFR
Myr−1
)
= (0.66 ± 0.01) [log (L12) − 22.25]
+ (0.160 ± 0.004) ,
(C.3)
where L12 is the WISE 12 µm flux density in W Hz−1. This
calibration has been updated onto a common standard for var-
ious SFR indicators. We note that the re-calibration is based on
the properties of ‘typical’ spiral galaxies (disc galaxies of stellar
mass 9 < log (Mstar/M) < 11), though the original data and cal-
ibration includes galaxies with a larger range of morphological
types.
Chang et al. (2015) also provided calibrations for the star-
formation by analyzing the MIR properties of the full SDSS
spectroscopic galaxy sample. Of that work we used the WISE
22 µm band SFR proxy:
log
(
SFR
Myr−1
)
= log (L22/L) − 9.08 , (C.4)
The comparison of calculated SFRs is shown in Fig. C.1 (right
panels). The fit is clearly good for the later types, but not so good
for the early type galaxies. The 12 µm flux calibration clearly
overestimates the SFR of the ETGs compared to that obtained
from CIGALE. Compared to literature values, i.e. Davis et al.
(2014), the 12 µm values for ETGs are high, thus the CIGALE
values are consistent with previous measures and so we accept
and use these. On the other hand, the 22 µm calibration underes-
timates the SFR of the latest type of galaxies while it also over-
estimates the SFR of the early types, however not to the same
extent as for the 12 µm. In both cases, it is apparent that MIR
monochromatic band proxies, despite that they trace the warm
dust and consequentially SFR, are not sufficient to get a good
estimate of the current SFR.
Appendix D: Recipes to estimate physical
properties of galaxies as a function of Hubble
stage (T)
As already discussed in the main text, we have interpolated the
median values, per morphological bin, of several physical pa-
rameters with a 5th order polynomial (see Figs. 6 and 10). In
Table D.1 we provide the exact values of the coefficients of
the polynomial regression. This allows us, for a galaxy of a
given Hubble stage (T ), to estimate the values of Mstar, Mdust,
MHI, SFR, TCIGALEdust , the fractions of the stellar populations f
unatt
old ,
f unattyoung, as well as the fractions of the attenuated luminosities of
the old and the young stellar components f attold, f
att
young and the frac-
tion of the absorbed, by the dust, luminosity fabs. The typical
uncertainty values of each polynomial coefficient was derived
through bootstrapping the data. More specifically, for every re-
lation we created 100 new data-sets by varying randomly the
original values within their typical uncertainties. For every new
data-set we computed the median values per morphological bin
and fitted a 5th order polynomial through them. Then, by cal-
culating the standard deviation of these 100 fitted lines we were
able to get a measurement of the typical errors. The values are
also provided in TableD.1.
Article number, page 21 of 22
A&A proofs: manuscript no. main
Table D.1. Recipes to estimate the integrated physical properties of galaxies given their Hubble stage (T ).
y = α0 + α1 × T + α2 × T 2 + α3 × T 3 + α4 × T 4 + α5 × T 5
y α0 α1 α2 α3 α4 α5
log (Mdust/Mstar) −4.01 ± 0.07 0.25 ± 0.03 0.01 ± 0.01 (−2.06 ± 1.20) × 10−3 (−2.52 ± 3.70) × 10−4 (1.93 ± 2.85) × 10−5
log (MHI/Mstar) −1.86 ± 0.10 0.18 ± 0.04 0.03 ± 0.02 (−0.68 ± 1.84) × 10−3 (−6.30 ± 5.80) × 10−4 (4.15 ± 4.40) × 10−5
log (SFR/Mstar) [yr−1] −11.65 ± 0.06 0.38 ± 0.02 0.03 ± 0.01 (−6.89 ± 1.12) × 10−3 (−2.50 ± 3.50) × 10−4 (4.66 ± 2.70) × 10−5
log (Mdust/MHI) −2.25 ± 0.10 0.08 ± 0.04 −0.01 ± 0.02 (−1.07 ± 1.77) × 10−3 (−0.10 ± 5.60) × 10−4 (0.79 ± 4.30) × 10−5
log (Mstar) [M] 10.31 ± 0.10 0.07 ± 0.04 −0.01 ± 0.02 (−4.71 ± 1.90) × 10−3 (5.30 ± 6.00) × 10−4 (−1.65 ± 4.60) × 10−5
log (Mdust) [M] 6.28 ± 0.12 0.33 ± 0.05 −0.02 ± 0.02 (−5.96 ± 2.20) × 10−3 (6.36 ± 6.80) × 10−4 (−3.03 ± 5.20) × 10−5
log (MHI) [M] 8.44 ± 0.15 0.18 ± 0.06 0.04 ± 0.02 (−4.77 ± 2.60) × 10−3 (6.26 ± 8.14) × 10−4 (5.70 ± 6.20) × 10−5
log (SFR) [M/yr] −1.33 ± 0.10 0.42 ± 0.05 0.02 ± 0.02 (−10.10 ± 2.00) × 10−3 (−1.25 ± 6.20) × 10−4 (5.40 ± 4.80) × 10−5
TCIGALEdust [K] 24.47 ± 0.52 −1.01 ± 0.21 0.10 ± 0.08 (0.66 ± 9.12) × 10−3 (−2.84 ± 2.87) × 10−3 (3.14 ± 2.20) × 10−4
f unattold 0.98 ± 0.01 −0.030 ± 0.004 −0.010 ± 0.002 (5.22 ± 1.70) × 10−4 (1.74 ± 0.54) × 10−4 (−1.43 ± 0.41) × 10−5
f unattyoung 0.02 ± 0.01 0.030 ± 0.004 0.010 ± 0.002 (−5.22 ± 1.70) × 10−4 (−1.74 ± 0.54) × 10−4 (1.43 ± 0.41) × 10−5
f attold 0.88 ± 0.02 −0.063 ± 0.006 −0.007 ± 0.003 (1.45 ± 0.28) × 10−3 (1.29 ± 0.88) × 10−4 (−1.69 ± 0.68) × 10−5
f attyoung 0.01 ± 0.02 0.004 ± 0.002 0.001 ± 0.001 (0.07 ± 0.10) × 10−3 (−0.04 ± 0.31) × 10−4 (−0.01 ± 0.24) × 10−5
fabs 0.10 ± 0.02 0.056 ± 0.007 0.005 ± 0.003 (−1.43 ± 0.31) × 10−3 (−1.18 ± 0.97) × 10−4 (1.51 ± 0.74) × 10−5
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